Objective.-To evaluate an e-diary developed for measuring headaches, triggers, and medication consumption, in terms of reliability and validity, and variables such as ease of use and participant compliance.
Psychologists first became involved in headache research in a significant way in the 1970s with the development of behavioral treatments for headaches. 1 The efficacy of these treatment programs was typically assessed by the use of headache diaries in which the participants periodically rated their pain, and usually also recorded their use of medication. 2 The pain scales ranged from 3 points 3 to 100 points, 4 and were defined in terms of intensity (eg, slight, moderate) or impact of the headaches on activities (eg, a headache that can be ignored at times). The intervals for rating head pain ranged from hourly 5 to daily (bedtime). 6 Sometimes additional information was recorded in the diaries such as activities and situations, 7 impairment/disability from headache, 8 and pain location. 9 Headache diaries were typically kept on cards or notebooks that were small enough to be carried around easily. The most commonly used system was the one developed by Budzynski et al, which called for hourly ratings on a 6-point scale. 5 Early research evaluating headache diaries provided some support but also raised issues. For example, Epstein and Abel noted that observation of inpatients who were instructed to record pain on an hourly basis indicated that often clients would not record for several hours, filling in the recordings later from recall. 10 Collins and Thompson assessed the reliability of recording headache intensity 4 times a day by implementing 3 procedures to detect inaccurate recording and reported that 40% of the subject sample were detected as being noncompliant in their recordings. 11 However, this study was carried out on a student sample with only 17.7% experiencing headaches, so perhaps a more positive result would have been obtained with a clinical sample. Blanchard et al investigated the social validity of headache diaries by comparing improvement in headaches following treatment as assessed from the diaries with improvement as assessed by significant others. 12 The correlation between the measures of change was 0.44 (P < .002).
Criticisms can be made of using headache diaries as described above for outcome measures in treatment studies. For example, some of the systems require a lot of effort by the participants, and also by researchers as the data then have to be transcribed for analysis, and the latter has drawbacks in terms of the possibility of making errors and utilization of resources. [13] [14] [15] Despite the meager supportive evidence, and the criticisms of headache diary systems, they have been used for decades in hundreds of studies of behavioral treatment for headaches. In the "Guidelines for Trials of Behavioral Treatment for Recurrent Headache," 16 Penzien et al and Andrasik et al noted that
"Subjective pain ratings of head pain, sampled daily, have come to be regarded as the 'gold standard' in behavioral treatment research" (p. 429). 17 Reviews of behavioral treatment have focused on different measures derived from headache diaries (eg, composite indices based on averaging pain ratings that therefore reflect headache frequency, duration, and intensity, vs headache frequency/days), but have all used headache diaries for their dependent variables. 18, 19 Presumably, a major reason for this situation, was that for many years, there was no obvious alternative to paper-based diaries for frequent recording of pain ratings. This situation changed with the advent of hand-held computers and smartphones. A more technologically up-to-date method of measuring headache on a daily basis is using computerized daily diaries. [20] [21] [22] A large portion of headache sufferers are internet users and seek information online. 23 In this context, a range of mobile software/smartphone applications have been developed to assist this population with their migraines and headaches. 20 However, a review of the literature has shown that computerized headache assessments are restricted to specific measurement devices and smartphone headache applications designed for research are restricted to iPhones. 20, 23 Currently, existing headache diaries often include an excessive number of questions and features, do not include the recommended headache assessment items and do not report on participant compliance, accuracy of data gathered, or reliability and validity of measurements used. 17, 24 To address this problem, Andrasik et al suggested that all valid headache diaries and measures must contain a primary outcome measure of headache frequency, secondary outcome measures such as duration and intensity of headaches and medication use, and must include no more than 20 items to reduce burden on participants and researchers, and increase compliance. 17 In this context, a 7-item electronic headache diary system (e-diary) was developed that fit with the recommendations of Andrasik et al for assessing the outcomes of behavioral treatment for headaches. 17 The system was designed to work with most devices that can be used for connecting to the internet so that research participants could use their own devices that they were therefore familiar with.
As smartphones have the advantage of portability and a wide ownership, an application (app) for smartphones was developed using 3 different operating systems to cover most smartphones: (1) iOS, the system developed by Apple and used for iPhones and iPads (tablets); (2) Android, the system developed by Google, and used for smartphones (eg, Samsung Galaxy) and tablets; and (3) Windows, the system developed by Microsoft, and used for smartphones (eg, Sony Erikson) and also Windows computers (laptops and desktops). A website version using HTML was also developed that could be used on any computer (www.enhancediary.com). A paper version of the 7-item e-diary was also developed for participants who were unwilling or unable to use an e-diary. This study aimed to test the reliability and validity of the newly developed e-diaries. Moreover, the study compared the e-diary and the 7-item paper diary (referred to subsequently as the short-paper diary) with a long-paper diary used in multiple previous studies. 25, 26 The diaries were compared on percentage of participant noncompliance, timely completion of diaries, accuracy of completed items, and frequency of missing items, effectiveness, ease of use and access, usefulness, confidence in using the headache diary, and duration for completion. The e-diaries and short-paper diary recorded the information necessary to generate the primary and secondary outcome measures recommended in the "Guidelines for Trials of Behavioral Treatment for Recurrent Headache." 16 Therefore, it was hypothesized that the e-diary, short-paper diary, and longpaper diary would prove to be reliable and valid measures of headaches. It was expected that all diaries would show convergent validity with established measures of headaches, and divergent validity with non-headache specific measures. Based on previous research highlighting differences between e-diaries and paper-based diaries, [13] [14] [15] it was hypothesized that the e-diaries would reveal significantly higher compliance rates than the short-and long-paper diaries. Moreover, it was hypothesized that the e-diaries would reveal significantly higher accuracy in data entry than the short-and long-paper diaries. A secondary aim of this study was to examine the success in reducing burden on participants by reducing the number of items on the diaries. 15, 17 Thus, it was expected that the e-diary and the short-paper diary would be rated as significantly less burdensome than the long-paper diary.
METHODS
Participants.-Initially, 235 participants volunteered for the study. From this group, 54 participants were excluded due to being screened as not suffering from diagnosable headache problems (n 5 36), due to never completing the headache diaries and therefore considered to have chosen to discontinue participation (n 5 6), or not attending both testing sessions (n 5 12). The remaining 181 participants (146 females and 35 males; age: M 5 26.52 years, range 5 18-55 years, SD 5 10.15 years) reported regular weekly headaches (M 5 2.53, SD 5 1.74) and participated in exchange for partial course credit if they were students. Participants from the general community (n 5 30) were not offered rewards for their participation. All participants were informed of the importance of the study in furthering our knowledge about headache severity measurement using paper-based and electronic diaries. Data were collected from April 2014 to October 2016. Participants provided informed consent to a protocol granted approval by the Griffith University Human Research Ethics Committee. Of the sample, 62.1% were Australian/New Zealander, 6.9% European, 26.1% Asian, 2.5% North American, 1.3% African, and 1.0% South American.
Participants were recruited via website advertisement and clinically assessed for chronic headache and migraine problems prior to participation. Of the sample, 11.4% met criteria for migraine with aura and comorbid tension-type headaches, 13.7% met criteria for migraine without aura and comorbid tension-type headaches, 11.3% met criteria for migraine without comorbid headaches, 26.3% met criteria for tension-type headaches, and the remaining 35.4% of the sample met criteria for a probable migraine or tension-type headache. At baseline, participant reports suggested that 33% experienced unilateral headache pain, 52% experienced sensitivity to light, 45% experienced throbbing headache pain, 42% experienced headache episodes between 1-15 days a month, and 58% experienced headaches more than 15 days per month. Of the participants diagnosed with one or more headache problems in this study, 73% reported already having been diagnosed and receiving care from their general practitioners or neurologists. To place participant well-being first, the remainder of the diagnosed participants (n 5 54) were, during the first assessment session, urged to seek further assistance from their primary health care provider at their earliest convenience.
A disproportionate, partially randomized stratified allocation process was followed, for both the student and community samples. This was due to the large number of subgroups to be compared within a relatively limited sampling pool (ie, noniOS phone users). 27, 28 This meant that stratified allocation was utilized but that making the number of participants in each subgroup (stratum) equal was favored over making them proportionate to the population. Partial randomization meant that participants were randomly allocated to paper and pencil or e-diary groupings but stratum within those categories were allocated nonrandomly to ensure equal numbers of participants in each group. None of the participants in the study possessed a smartphone with a Windows operating system, thus all participants in this subgroup were instructed to use the Windows app on their Windows computers (laptops or desktops).
The result of this allocation process was 121 participants in the e-dairy group and 60 participants in the paper diary group, and the following number of participants in each subgroup: (1) iOS (n 5 31); (2) Android (n 5 31); (3) Windows (n 5 30); (4) Website (n 5 29); (5) Short paper (n 5 30); and (6) Long paper (n 5 30).
Group membership was independent of gender, v 2 (5) 5 6.57, P 5 .26.
Measures.-Screening and Clinical Assessment.-A clinical psychologist specializing in assessment and treatment of headache disorders performed the assessment of headache diagnoses prior to diary completion and post diary completion. Consistent with previous research, 29, 30 clinical assessment was conducted using a structured clinical interview based on the criteria in the International Classification of Headache Disorders, 3rd edition.
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E-Diaries, Short-Paper, and Long-Paper Diaries.-The 7-item e-diary was compared to the 7-item short-paper diary and long-paper diary. The e-diary contained 7-items that were identical irrespective of the devices and technologies used to complete the e-diary. The short-paper diary contained near-identical 7 items as the e-diary. An example of the short-paper diary and e-diary on an Android smartphone (Samsung Galaxy s6) can be seen in Figures 1 and 2 , respectively.
Backdated data are particularly concerning in pain research where the accuracy of retrospective reports is affected by current pain experiences. 10, 11, 32 Item 1 was included to allow examination of whether the intensity of pain at the moment of diary completion was related to the ratings of peak and average intensity of headaches for the day of completion (ie, backdated data). The remaining items were included in accordance with recommendations by Andrasik et al on best practice for headache measurement. Item 4, frequency of headaches (attack frequency), was calculated as number of headaches per day. 17 Items 2 (peak intensity of headaches), 3 (average intensity of headaches), and 5 (duration of headaches) were included as secondary headache outcome measures. Participants' peak and average headache intensity were measured using a scale developed by Budzynski et al, where 0 5 no headache; 1 5 a headache of a very low level type which enters awareness only at times when attention is devoted to it; 2 5a headache that can be ignored at times; 3 5 a painful headache, but one during which you could continue at your job; 4 5 a very severe headache which makes concentration difficult, but during which you could perform tasks of an undemanding nature; 5 5 an intense incapacitating headache. 34 Item 6 was for recording medication taken for headaches and was included as a secondary nonheadache measure. Item 7 was included as a nonparametric measure of triggers of headaches and included the most commonly occurring triggers, 35 such as stress, menstruation, hunger, weather, and lack of sleep. To conduct statistical analyses on the headache trigger data, the triggers were coded and values were provided as outlined in Figure 1 for all diaries. For example, stress was coded as 1 and hunger was coded as 10. The e-diary also included near-identical calendars as can be seen in Figure 2 (bottom right). The calendar was used as a reminder of days in which the diary was not completed (as displayed in red in Fig. 2 ) and allowed participants to backdate any days they had not completed. The actual and intended date and time of completion scores were recorded in our database. Apart from major software-(eg, iOS, Android, and Windows) and hardware (eg, laptop and desktop)-based differences that are specific to each technology, the e-diary was near identical in navigation, design, color, feature size ratios, outline, and information. Thus, the example of the e-diary on an Androidbased Samsung Galaxy s6 shown in Figure 2 is near identical to the e-diary on other devices.
The e-diary, when completed via iOS, Android, and Windows-based devices, also included an automatic reminder function whereby participants would receive a notice to complete their headache diaries 24 hours post noncompletion. To reduce interference with the daily lives of participants, the notice would only be sent to the participant a maximum of once every 24 hours and up to a maximum of twice over 48 hours. Thus, after not completing the diary 2 days in a row, participants would no longer receive notices to complete the diaries. Another feature of the e-diary that was shared on iOS, Android, and Windows devices is that participants only needed to sign up and login once. After signing up and logging in the first time (through entering a password and their email), the e-diary program would interact with the internal memory of the hardware devices used to keep the participants logged in. However, when the e-diary was accessed via the website, the e-diary did not have an automatic reminder function and participants were required to log in to the website diary at each time of diary completion. More computer literate participants reported that they found a way around this by using internet browser functions that automatically input login information when opening the e-diary (Website address: www.enhancediary. com). To maximize the utility and ease of use with a variety of technologies, the e-diary was adapted to fit stationary, laptop, smartphone, and electronic pads when it was completed via the website.
The long-paper diary required participants to record hourly ratings of headache intensity, medication dosage, medication type, and headache triggers throughout the waking day. Headache intensity was rated using the same 6-point scale as for the e-diaries and short-paper diaries.
Compliance and Accuracy.-Missing data and backdated data were used to examine compliance for each headache diary. Missing data were defined as number of missing items irrespective of inaccurate completion, similar to Palermo et al. 14 For example, if data for the whole day were not returned, 7 missing data scores were recorded. If data were returned but 2 items not responded to, 2 missing data scores were recorded. Backdated data were defined as a full days' worth of data that was subjectively reported or objectively recorded to be retrospectively input. For example, if a participant reported that they completed the past 7 days of diaries in 1 day, 6 subjectively reported backdated days were recorded. For the objectively recorded data, the date of actual recorded input (visible on our database) was subtracted from the day recorded data were intended for. We advise caution in interpreting the accuracy findings in this study as all self-reported headache diary data are at best self-reported estimates of the participants' true headache experience. Thus, in this study, the term accuracy is differentiated from the term validity by defining accuracy as errors in each diary record. 14 An example of error is recording "0" on frequency of headaches but still recording a headache duration of more than "0." To reduce missing data and inaccurately completed data, all e-diaries included a function whereby data could not be submitted until responses were recorded for all 7 items and inaccuracies were remedied. Attempts to submit data without answering all items or providing inaccurate data would result in an automatically generated notice that one or more of the 7 items has not been answered correctly and submission was not possible. The unanswered question would be highlighted in red until correctly answered, whereby submission was made possible. With the e-diaries, upon answering the 7 items and pressing the submit button, the participant's responses were sent to our database along with the participant's ID, time and date of actual diary completion, and time and date that diary completion was intended for (ie, when participants were backdating data). The database generated spreadsheets allowing for efficient transfer of data from our database into statistical software for analysis. Data from the paper diaries were entered into statistical software manually.
Diary Evaluation Measures.-The 25-item Headache Disability Inventory (HDI) 33 was used to determine the convergent validity of the headache diaries. The HDI is a reliable and valid measure of disability caused by headaches. 36 In this study, the Cronbach's alpha of the total scores for the HDI was 0.93. To further determine the convergent validity of the headache diaries, the mental health scale of the SF-36 37 was used as chronic headache and migraine have been shown to cause significant reduction in quality of life. 38 The SF-36 is a reliable and valid measure of quality of life, 37 and in this study, the Cronbach's alpha for the mental health scale of the SF-36 was 0.85. Symptoms of depression, anxiety, and stress are common triggers of headache and migraine. 2, 35 The Depression Anxiety Stress Scales 21-item version (DASS-21) 39 was used to examine comparability across groups in terms of depression, anxiety, and stress levels, and as a discriminant measure to examine the extent to which the headache diaries could differentiate between headaches and the symptoms of depression, anxiety, and stress. The DASS-21 has been shown to be a reliable and valid measure of severity of depression, anxiety, and stress symptoms. 39 In this study, the Cronbach's alpha for the DASS-21 was 0.67 for depression, 0.69 for anxiety, and 0.64 for stress. To our knowledge, there is no psychometrically evaluated measure of user acceptance of technologies. Thus, participant evaluations of the diaries were completed using a Measure of Acceptance Questionnaire (MAQ) developed here for evaluation of the diaries ( Table 1 ). The items of the The headache diaries were useful for helping me detect headache triggers UTI1 The headache diaries were useful for increasing my awareness of my difficulties UTI2 The headache diaries were useful for improving how I deal with my difficulties UTI3 The headache diaries would be useful for helping me engage in treatment for my difficulties UTI4 In general, I found the headache diaries useful UTI5 I think learning to use the headache diaries is easy EOU1 I think answering questions using the headache diaries is easy EOU2 I think becoming skillful at using the headache diaries is easy EOU3 I think using headache diaries is easy EOU4 How easy was the headache diary to use? EOU5 How easy was it to handle the headache diary? EOU6 How easy was it to answer the questions on the headache diary? EOU7 How easy was it to follow the instructions of the headache diary? EOU8 On average, how long did it take (in minutes) to complete the headache diary each day? BUR1 Did you have trouble reading the words on the headache diary? BUR2 Did you experience completion of the headache diary a burden? BUR3 Did completion of the headache diary negatively influence your life?* BUR4 Did you find the length of the headache diary burdensome?* BUR5 I think that the formatting of the headache diary made the diary difficult to use* BUR6 I think that the font of the headache diary made the diary difficult to use* BUR7 I think that the instructions given made the headache diary difficult to use* BUR8 How likely are you to recommend the headache diary to another person experiencing headaches? INT1 How likely are you to agree to participate again in a comparable study? INT2 How likely are you to use the headache diary assuming you have access to it? INT3 Assuming I had access to the headache diaries, I intend to use it INT4 Given access to the headache diaries, I predict I would use it INT5 How often would you use the headache diaries? INT6 I think using headache diaries puts my work life at risk RISK1 I think using headache diaries puts my anonymity at risk RISK2 I think using headache diaries puts my privacy at risk RISK3 I think the equipment needed to use the headache diaries is expensive COST1 I think the access cost of the headache diaries is expensive COST2 I think the long-term cost use of the headache diaries is expensive MAQ were based on the Technology Acceptance Model (TAM), [40] [41] [42] [43] which is the most widely applied information systems theory used to determine usage and acceptance of technology. As can be seen in Table 1 , the MAQ included items measuring perceived utility, ease, burden, intention, risk, cost, and confidence in use of the diaries developed in this study. The response options were 10-point Likert scales for all items except one for the one item that required participants to report the average time spent (in minutes) completing the headache dairy each day (see BUR1 in Table 1 ). Furthermore, as can be seen in Table 1 , the MAQ also measured compliance with use of the diaries and compatibility between novel technology (diaries developed here) and current technology (eg, any existing diaries and technologies participants currently used).
Procedure.-The headache dairies were evaluated in 2 phases. In the first phase of the study, participants self-identifying as headache and migraine sufferers were invited to participate in the study. Subsequent to receiving information about the study and giving consent, participants were invited to partake in a 15-minute screening process. The screening process involved a structured diagnostic interview. Those identified as having a diagnosable headache disorder were required to complete a demographic information questionnaire, the HDI, SF-36, and DASS-21. Subsequently, participants were assigned to groups that involved completing e-diaries or paper diaries, as discussed previously.
All participants were then instructed that they would be required to complete the headache diary once per day, consistently at the same time of the day over the next 30-day period. Participants were strongly encouraged to ensure timely and accurate completion of diaries and reduce need to backdate entries. Participants were also encouraged to review their diary regularly to ensure that they had not omitted data or inaccurately completed data. At this point, follow-up assessment sessions were organized with all participants. Participants in the paper diary subgroups were provided with hard copies of their diaries concluding the first phase of the study for these participants. Total duration of participation for the paper dairy subgroups in the first phase of the study was 30 minutes.
Participants in the e-diary subgroups were further allocated a password and ID to access their technologies. Participants in the iOS and Android subgroups were instructed to download and install the smartphone applications via the Apple store and Playstore, respectively, under the supervision of the researcher. Participants in the website subgroup were provided the weblink to the e-diary and instructed to login to the website using their preferred technology in the presence of the researcher. Participants in the Windows subgroup were provided a USB with an executable Windows file and were instructed to practice installing the Windows app and login in the presence of the researcher. Next, participants in the e-diary subgroups were provided instructions on how to access the ediaries, how to navigate the e-diaries, and the various features of the e-diaries. All participants were instructed to complete the headache diary before going to bed after they brushed their teeth. This concluded the first phase of the study for the participants in the e-diary subgroups. Total duration of participation for the e-diary subgroups in the first phase of the study was 45 minutes.
In the second phase of the study, participants were again required to complete the HDI, SF-36, DASS-21, and MAQ. Subsequently, all participants were asked to subjectively report on the number of days that they had backdated data. All participants were provided with additional information about seeking further assistance to manage their headaches and migraines, concluding the second phase of the study. The total duration of the second phase of the study was 30 minutes. Participant reports of mean time spent completing the diaries on a daily basis between phases was 1.1 minutes (SD 5 0.45 minutes) per day for the e-diaries, 1.2 minutes (SD 5 0.34 minutes) per day for the short-paper diaries, and 7.5 minutes (SD 5 2.40 minutes) per day for the long-paper diaries.
Statistical Analyses.-All statistical calculations were conducted using IBM's SPSS statistics version 23. Reliability was assessed by test-retest analyses. To examine the validity of the headache diaries, multiple bivariate correlations were conducted between the primary and secondary headache outcome measures derived from the diaries and total scores of the HDI, SF-36, and DASS-21.
There was no difference on the e-diary based on technology used (ie, the 4 subgroups -iOS, Android, Windows, or website) in terms of testretest reliability (range r 5 0.74-0.78) or correlations with convergent and divergent validity measures, all Fs < 0.7, Ps > .14. On this basis, the e-diary data were pooled across the 4 hardware technologies used. Examination of comparability across groups on headache severity including headache intensity, frequency, and duration of headaches, amount of medication used, HDI scores, SF36-MH scores, and DASS-21 scores, using multiple one-way ANOVAs revealed no significant between group differences, Fs < 2.30, Ps > .05. The means and standard deviations for the headache diaries, the HDI, SF-36-MH, and DASS-21 are presented in Table 2 . Frequency of diagnoses and gender did not significantly differ across groups, v 2 s < 3.84, P > .58. For the headache diary data, a total of 6.3% of the data was missing and was replaced using linear interpolation of scores calculating the average of the scores prior to and after the score missing data. The same strategy was used for multiple missing data points. When data points were missing at the start or finish of the diary, the average of 2 data points after the missing score or 2 data points prior to the missing score respectively were used. The long-paper diary data had significantly more items than the remainder of the groups. Missing score frequency was therefore standardized for this group to allow for comparison across groups. Between-groups differences were examined using one-way ANOVAs. The dependent variables were frequency of missing data, backdated data, omitted items, errors in data completion, and domain scores on the MAQ (Table 1 ). The independent variable was diary group, including e-diary, short paper, and long paper. Ryan-Elliot-GabrielWelch Q-tests (REGWQ) were used as post hoc analyses to confirm, where the differences occurred between the groups. Statistical significance was set at an a level of 0.05.
RESULTS
Relationships Between the Variables Monitored by the e-Diaries.-The 7 variables monitored by the e-diaries are conceptually distinct, but some relationships between them would be anticipated, and how large the relationships would be is an empirical question. Hence, before proceeding with the analyses of reliability and validity, bivariate correlations were calculated between headache frequency, peak and average headache intensity, average headache duration, and medication use (Table 3) . Table 3 shows the significant, moderate, positive correlations between all measures of the e-diaries.
To examine whether current experience of headache pain is related to retrospective reports of pain, multiple bivariate correlation analyses were conducted for the e-diary and short-paper diary examining the relationship between headache pain intensity during headache diary completion (item 1) and peak intensity of headaches (item 3). Analyses revealed a significant moderate positive correlation between headache pain intensity during diary completion and peak intensity of headaches for the e-diary group r 5 0.654, P < .001, and the shortpaper diary group r 5 0.551, P < .001. Reliability of the Headache Diaries.-Test-retest reliability was assessed through bivariate correlation analyses comparing the headache diary means of the first week with the mean of the final week of diary completion. It could be argued that this would yield an underestimate of test-retest reliability of the diaries as there could be real differences between the headaches at these 2 points in time. However, while headaches vary from hour to hour and day to day, past research has shown a high degree of stability from week to week. For example, Blanchard et al reported correlations of 0.985 and 0.983, for migraine and tension headache, respectively, comparing headache ratings in 1 week with headache ratings averaged over a period of 4 weeks.
44 Table 4 shows the test-retest reliability coefficients for the headache diary items, for each diary group. As can be seen, analyses revealed highly significant, strong positive correlations between week 1 and week 4 headache data for all 5 variables monitored, for all 3 types of diary.
Frequency analyses showed that stress (25.9%), anxiety (21.6%), depression (19.3%), anger (4.1%), dehydration (2.9%), and lack of sleep (2.8%) were the most frequently reported triggers of headaches in the sample. To examine the test-retest reliability of headache triggers, multiple bivariate correlations were used examining the reported headache triggers at the first week of diary completion and final week of diary completion separately for each headache diary. Analyses revealed a significant strong positive correlation between the first week of diary completion and final week of diary completion on headache triggers for the e-diary, r 5 0.79, P < .001, and a significant moderate positive correlation for the short-paper diary r 5 0.60, P 5 .005 and longpaper diary, r 5 0.49, P 5 .018. Validity of the Headache Diaries.-The convergent and divergent validity of each headache diary were examined separately for each of the diary groups. The correlations between the primary outcome measure of headache frequency, secondary headache outcome measures of peak and average intensity and duration of headaches, and secondary nonheadache outcome measure of medication use, and the convergent measures of HDI and SF36-MH, and divergent measure of DASS-21, separately for the e-diary, short-paper diary, and longpaper diary, are presented in Table 5 .
As can be seen in Table 5 , bivariate correlations showed that the frequency of headaches on the headache diaries had a significant, moderate, positive correlation with the HDI, and a significant, moderate negative correlation with the SF36-MH, supporting the convergent validity of this primary outcome measure. Table 5 shows the significant, weak, positive correlation between the headache frequency measure of the e-diaries and the DASS-21 supporting the divergent validity of this measure. The correlations between the short-paper and longpaper diaries headache frequency measure and the DASS-21 did not reach significance. The sample size for the short-paper and long-paper groups was smaller than the e-diary group and so the nonsignificant findings could be due to less power in the paper groups.
For the e-diary, significant, moderate, positive correlations between the secondary headache outcome measures and HDI provided support for convergent validity (Table 5 ). This pattern was repeated for the short-paper diary average intensity of headaches measure and long-paper diary average duration of headaches measure. Weak to moderate, negative, correlations between all secondary headache outcome measures of the e-diary and long- paper diary and the SF36-MH also suggested convergent validity. This pattern was replicated for the peak headache intensity measure of the short-paper diary. Weak, positive, correlations between all secondary headache outcome measures of the e-diaries and DASS-21 total scores confirmed divergent validity for these measures. The correlations between the short-paper and long-paper diary secondary headache measures and the DASS-21 did not reach significance. For the secondary nonheadache outcome measure of medication use, weak to moderate positive correlations with the HDI, and weak to moderate negative correlations with the SF36-MH, for each of the headache diaries provided support for convergent validity. Correlations between the medication use measure and DASS-21 did not reach significance for any of the headache diaries supporting divergent validity.
Compliance.-A one-way ANOVA was conducted comparing the 6 diary subgroups on frequency of missing data (backdated data were not considered missing), corrected for number of items, and revealed a significant difference between subgroups, F(5, 175) 5 10.50, P < .001, g 2 p 5 0.23. As can be seen in Table 6 , REGWQ tests revealed that the long-paper subgroup had significantly higher missing data scores than all other subgroups. Also, the short-paper subgroup had significantly more missing data than the iOS, Android, and Windows subgroups but was not significantly different to the website subgroup. No significant differences were found between the e-diaries on missing data.
To further examine compliance with diary completion, a one-way ANOVA was conducted to compare diary subgroups on subjective reports of backdated data and objective records of backdated data. The paper diaries were not included in objective backdated data analyses as objective scores cannot be produced for paper diaries unless participants are being monitored (see Collins and Thompson 45 for monitoring of paper diaries). Analyses revealed no significant differences between the subgroups on subjective reports or objective records of backdated data, both Fs < 1.20, Ps > .31, g and all e-diary subgroups (all e-diary subgroups M 5 0, SD 5 0), all Ps < .001, ds > 3.02. Moreover, the short-paper subgroup had significantly more errors in data completion than the e-diary subgroups, all Ps < .001, ds > 2.77. There were no errors in data entry for any of the e-diary subgroups. Evaluation of Headache Diaries.-Descriptive statistics and internal consistency for each dimension of the MAQ for all diary groups can be seen in Table 7 . Multiple one-way ANOVAs were used to compare the diary groups on the individual domains of the MAQ. Analyses revealed no significant difference between the headache diary groups on the domains of utility, risk, cost, and confidence, all Fs < 1.63, Ps > .15. However, a significant difference was found between the groups on burden, ease of use, compatibility, and intention to use, all Fs > 2.77, Ps < .02. As can be seen in Table 8 , REGWQ tests revealed the following:
The long-paper diary was perceived as significantly more burdensome than the other diaries. No other significant group differences were found. The long-paper diary was rated as significantly less easy to use than the other diaries. No other significant group differences were found. Both the short-paper and the long-paper diaries were rated as significantly less compatible with the life of the user than the other diary types.
The website diary was also rated as significantly less compatible with the life of the user than the Android diary. No other significant group differences were found. The long-paper diary group rated a significantly lower intention to use the diary than all other groups except the short-paper group. No other significant group differences were found.
CONCLUSION
The diaries yielded 5 measures that have been recommended for evaluating outcome in trials of behavioral treatment of headache 17 : a primary measure of headache (headache frequency); 3 secondary measures of headache (peak headache intensity, average headache intensity, and average duration of headache); and a secondary nonheadache measure (medication consumption). Preliminary analysis of the e-diary data revealed that the correlations between each of these 5 variables were significant (r 5 0.38-0.69), as expected. However, even the highest correlation indicated that one variable was accounting for <50% of the variance in the other variable, so each variable was adding to the assessment of headaches. All 5 recommended outcome measures in the e-diaries showed good estimates of test-retest reliability, good convergent validity, and good discriminant validity. The same pattern occurred for the paper diaries but some of the correlations did not reach statistical significance. The measure of triggers showed strong estimates of test-retest reliability for the e-diaries (r 5 0.79), and moderate estimates of test-retest reliability for the short-paper diaries (r 5 0.60) and long-paper diaries (r 5 0.49). These findings support the first hypothesis that the e-diary and short-paper diary are reliable and valid measures of headaches. This study investigated the discriminant validity of the headache diary by examining its correlation with depression, anxiety, and stress symptoms. However, future research could further investigate discriminant validity by examining aspects of psychological distress typically associated with other forms of chronic health conditions.
The correlations for test-retest reliability are probably an underestimate of the reliability of the home diaries, as some differences in headaches would be expected between one week of recording and another week of recording. One specific example of this issue is provided by the female monthly cycle. Menstruation is a commonly reported trigger of both migraine and tension-type headache in females, 35 and 80.6% of the sample were females.
As data from the first week of recording headaches were compared with the data from the fourth week of recording, then for approximately half the female participants, this would have meant that one week was associated with a period and one was not, so that some differences would have been anticipated. Nevertheless, as mentioned earlier, there are data suggesting that there is a high degree of stability for headache measures averaged across periods of 1 week. 44 With respect to compliance with recording requirements, there were more missing data scores in the group using the long-paper diary than the e-diary or short-paper diary. These findings partially confirm the second hypothesis that higher compliance rates would be observed for the e-diary than the paper diary subgroups. This finding is consistent with previous research showing that electronic headache diaries can significantly reduce missing data compared to paper-based headache diaries. [13] [14] [15] In this study, the reduced missing data for the e-diaries were primarily achieved by participants having a visual reminder about missed days in the form of a calendar. Moreover, the iOS, Android, and Windows smartphone apps automatically generated reminders for participants to complete the headache diary 24 hours after expected entry time. Despite these automatic reminders, there was no difference in missing scores between the smartphone apps subgroups and the website subgroup, which had a visual calendar but no reminder notifications. However, the website subgroup was not significantly different to the short-paper diary subgroup in frequency of missing data, suggesting that including visual calendars and reminder notices may have combined effects on reduction of missing data scores. This study found no difference between any of the subgroups on frequency of backdated data, suggesting that compliance as defined by backdated data is not necessarily resolved using e-diaries.
The results revealed that all e-diary subgroups had significantly higher accuracy rates than the paper diary subgroups, supporting the third hypothesis. This is consistent with previous research using e-diaries, which has found that inaccurately completed items can be prevented by including software coding in e-diaries which prohibits inaccurate data entry.
14 Of particular interest, this method of preventing data entry errors was so effective that no inaccurately completed items were detected for any of the e-diary subgroups. However, accuracy does not necessarily suggest validity and until a more valid method of measuring headaches becomes readily available, we have to rely on self-reports and interpret findings with caution. Participants' evaluation of the diaries led to the finding that the long-paper diary was viewed as more burdensome and less easy to use than the ediaries and short-paper diaries. The paper diaries were considered less compatible with the life of the user than the e-diaries. The long-paper group rated their intention to use the diaries as significantly lower than the e-diary group.
Evaluation of the e-diaries revealed that participants rated the long-paper diary as more burdensome to use than the e-diaries and short-paper diaries, confirming the third hypothesis. This finding is consistent with research that has highlighted the burden that lengthy headache diaries place on participants and researchers alike. 15, 17 Of particular interest, participants did not perceive a difference in burden between the e-diaries and short-paper diaries suggesting that in this study, it was the length of headache diaries and mode of assessment rather than technology used that was associated with participant perception of burden. Participant evaluation of the headache diaries further revealed that in comparison with the paper diaries, the e-diaries were found to be easier to use and more compatible with participants preferred diary completion method. Moreover, participants reported a stronger intention to continue using the e-diaries than the paper-based diaries. Acceptability ratings found here are consistent with previous studies, which have reported high participant acceptability ratings of headache diaries. 14, 23, 45 Similar to this study, Allena et al found that e-diaries were rated as easier to use than paper-based diaries. 46 Previous research has relied on a handful of non-theory-based questions in assessment of participant acceptability of electronic and paper-based headache measures, and hence there are no comparisons studies available for the current findings on differential group reports on compatibility and intention to use. In this study, an attempt was made to overcome this limitation by developing the MAQ. Hundert et al (2014) conducted a review of available headache diary apps and encouraged readers to develop apps taking into consideration 7 criteria that will significantly improve the scientific expertise and evidence base associated with headache diary apps. 47 The e-diaries developed here meet each of the 7 criteria outlined by Hundert et al (2014) . 47 Our e-diary was developed by a team of headache experts including one team member who has been involved in headache research for more than 40 years (criterion 1); the apps underwent psychometric and feasibility testing (criterion 2); the variables measured are clinically relevant (criterion 3) because they were developed for clinical research based on recommendations of the American Headache Society ; 17 participants reported that the e-diaries were easy to use (criterion 4); customized user input is possible (criterion 5) as item 7 allows users to input information of their choosing that is not included in our list of headache triggers; the CSV file produced by the e-diary allows linking of multiple points of information such as duration, severity, and frequency of headaches, associated headache medication usage, and triggers of headaches (criterion 6); the headache data can readily be exported (criterion 7), from our data base via inputting an http address into a web browser that automatically downloads a csv file containing all data input to date. Thus, the app developed in this study significantly improves on previously developed apps which, at best, met 5 of the 7 criteria developed by Hundert et al (2014) . In summary, the e-diaries yielded measures that were reliable and valid. In comparisons between the different types of diaries, the e-diaries always emerged as equal or superior to paper diaries. The e-diaries had advantages in terms of compliance and accuracy, and were evaluated more positively by the participants.
The main limitation of the study was that 83.4% of the sample was drawn from university students studying psychology and the remainder from the community. Hence, it is not known how well these results would generalize to, for example, patients attending generalist or specialist medical clinics. The headaches of participants in the study may have been less severe than those attending clinics, although the study was restricted to individuals suffering from at least weekly headaches. The sample was younger and more educated than clinical samples and so it seems plausible that e-diaries would have been more acceptable to this group than clinical samples.
A limitation of the e-diaries is that the cost of developing a system that will work on any smartphone, tablet, laptop, or desktop computer is that it constantly needs updating as manufacturers of these devices bring out new models and change their software. The current team spent 100 hours over an 8-month period developing the many versions of the diary. The system we have developed is currently available for a particular team of researchers because any data collected using the system are automatically stored on a restricted access secure online database. We are working on opening this system to other researchers to use.
In conclusion, we believe that the e-diary system evaluated in this article would prove a very useful tool in clinical trials of behavioral treatment for headaches. It works as well or better than paper diaries, and relieves researchers of the burden of data entry and corresponding opportunity for errors to be made.
